Assisted reproductive technology IVF In vitro fertilization AIM To calculate the birth prevalence of cerebral palsy (CP) after assisted reproductive technology (ART) and compare the clinical outcomes of children with CP after ART or natural conception.
Cerebral palsy (CP) is a permanent disorder of movement and posture, caused by a non-progressive insult to the developing brain. The most common physical disability for children, CP is also often accompanied by impairments of intellect, vision, speech, hearing, and epilepsy. 1 The causes of CP are many, often multifactorial and poorly understood, with events of the preconceptional, pregnancy, perinatal, and postneonatal periods implicated. 2 The criterion standard for calculating the prevalence and describing clinical characteristics of CP are population-based CP registers. Individual registers that are long-standing, with minimal methodological concerns, can be used to track changes in CP prevalence over time, as well as provide 'real world' evidence of the influence of changes to clinical practice. 3 Assisted reproductive technology (ART) is the in vitro handling of human oocytes and sperm or embryos to establish a pregnancy. 4 Over the study period, the proportion of Australian births after ART increased from 1% to 2%, and has continued to rise up to the current 4%. [4] [5] [6] ART is reported to double the risk of CP overall. 7 This is likely related to the increased proportions of preterm and multiple births, both risk factors for CP. 1 However, there is variation across studies regarding singletons, who comprise 88% of all cases of CP in Australia. 1 Some studies report that the risk of CP is doubled for singletons born after in vitro fertilization (IVF), 7, 8 while others have found no increased risk in this group. [9] [10] [11] The risk of CP for multiple births is well established and studies have reported that ART conception does not further increase risk. 7, 8, 10, 11 A small number of studies have included subgroup analyses of unlike sex twins, to account for the lower proportion of ART monochorionic twins, and this has generally not altered their conclusions. [11] [12] [13] The majority of research regarding ART and CP has emerged from Scandinavia; however, care must be taken when generalizing research findings to regions where demographics, socioeconomics, health care, and ART practices differ. 7 Two studies of non-overlapping Australian populations have been conducted; however the magnitude of association between ART and CP differed between these two studies. 8, 9 While an association between ART and CP is clear, and the use of ART is on the rise, questions remain.
The primary objectives of this study were to use data from a long-standing CP register to (1) calculate the prevalence of CP for children born after ART in a Western Australian cohort, stratifying subgroups by plurality and gestational age; and (2) evaluate whether clinical outcomes, including congenital anomalies, differed between ART and naturally conceived children with CP.
METHOD Participants
Live births from January 1994 to December 2002 in Western Australia were included in the study. At the time of data collection, there were approximately 25 000 live births per year in Western Australia.
14 This population cohort study used linked data from three registers in Western Australia:
( 1 Birth and clinical information is collected and updated when children reach 5 years of age to verify diagnosis and data. Motor types are categorized as spastic (hemiplegia, diplegia, or quadriplegia), dyskinetic (dystonia or athetosis), ataxic, or hypotonic. Gross motor severity is categorized as minimal/mild, moderate, or severe which approximates Gross Motor Function Classification System (GMFCS) levels I/II, III, and IV/V. 15 The Western Australian Register of Developmental Anomalies includes structural or functional congenital anomalies if they are present at conception (e.g. chromosomal anomalies) or occur before the end of pregnancy. They must be diagnosed prenatally, after stillbirth or termination of pregnancy, or after live birth but before the age of 6 years. Most minor anomalies are excluded. 16 Anomalies are coded according to the fivedigit British Paediatric Association ICD-9 system and text descriptions.
ART was defined as births after IVF and intracytoplasmic sperm injection, while births after gamete intrafallopian transfer (n=178), partial zona dissection, and subzonal insemination (n=15) were excluded given the small number of cases. Data from children with a known postneonatal cause for their CP were also excluded (n=54) as aetiological pathways differ from children with pre/perinatally acquired CP.
Data were linked by the Data Linkage Branch at the Western Australian Department of Health using probabilistic matching and non-identifiable data was provided to the researchers. Further linkage details are available in our previous research. 17 Data from Aboriginal children were excluded as CP may be underascertained in Aboriginal children. 18 Also, Aboriginal births are underrepresented in the ART population -6% of Western Australian births are classified as Aboriginal, based on maternal Aboriginal status, but less than 0.5% of females using ART are Aboriginal. 17 
Statistical analysis
Data were analysed with SPSS Statistics version 23 (IBM Corp., Armonk, NY, USA) and STATA version 14.2 (StataCorp, College Station, TX, USA). Descriptive statistics were calculated along with birth prevalence of CP: cases per 1000 live births. As data was available for the whole Western Australian population, confidence intervals (CI) were not required for birth prevalence. Multivariable logistic regression was used to calculate odds ratios (OR) and 95% CI for the relative odds of characteristics associated with ART or naturally conceived births, including development of CP. 19 Regression analyses were adjusted for confounding variables: maternal age at birth in years (<20, 20-24, 25-29, 30-34, 35-39, 40-44, ≥45), year of birth, and parity (0, 1-4, ≥5 live births, stillbirths, or miscarriages). Goodness-of-fit was assessed using Harrell's C-statistic. The v 2 test was used to compare proportions, or the Fisher's exact test when cell sizes were less than 5. Between group differences for normally distributed continuous variables were evaluated using the independent t-test. When assumptions of normality were not met, between group difference was evaluated using a Mann-Whitney U test. A two-sided p<0.05 was considered statistically significant. Cases were analysed as a whole group and stratified by plurality and gestational age to investigate the influence of these mediating factors. Comparisons were made between ART twins and all naturally conceived twins, as well as ART twins and unlike sex naturally conceived twins as a surrogate for naturally conceived dichorionic twins. Higher order multiples were not reported separately because of the small number of cases but were included in wholegroup analyses. To account for correlations between siblings in the cohort, additional analyses were included What this paper adds
• In Western Australia, assisted reproductive technology (ART) increases birth prevalence of cerebral palsy (CP), mediated mostly by preterm and multiple births.
• Preterm birth alone does not account for the doubled odds of CP for ART singletons born very preterm.
• Clinical outcomes are similar between ART and naturally conceived children with CP.
employing generalized estimating equations using an exchangeable correlation structure. 20 For comparison of clinical outcomes, gross motor severity and associated impairments were dichotomized: gross motor severity was categorized as minimal to mild (GMFCS levels I-II) or moderate to severe (GMFCS levels III-V), while associated impairments were categorized as no impairment or some impairment.
Ethical approval for the study was provided by the Department of Health Western Australia Human Research Ethics Committee (EC00422).
RESULTS
There were 211 660 live births in Western Australia from 1994 to 2002: 2914 births after ART (1.4%) and 208 746 naturally conceived births. Multiple births were more common after ART (33.9%; 908 twins, 79 higher order multiples) compared with naturally conceived births (2.6%; 5219 twins, 1587 unlike sex twins, 175 higher order multiples). Single, double, and triple (or higher) embryo transfers were used in 6.3%, 64.6%, and 29.1% of ART births respectively.
Females who used ART were older, more often primiparous, and more often held private health insurance than females who conceived naturally, and were less likely to have smoked during pregnancy (Table I) . Perinatal outcomes for ART infants were poorer. Odds of birth by emergency or elective Caesarean were increased two-to three-fold for singletons and twins. ART infants were more often born preterm and with low birthweight, with the influence of ART particularly seen in singletons (gestational age <32wks OR 3.4 [95% CI 2.6-4.6]; birthweight <1500g OR 3.7 [95% CI 2.7-5.0]) (Table I) .
Overall, 535 live born children were described as having CP, giving a population prevalence of 2.5 per 1000 live births for the years 1994 to 2002. Twenty-one (3.9%) children with CP were born after ART, 10 singleton and 11 multiple births. Prevalence of CP was increased overall in ART (7.2/1000 live births) compared with naturally conceived (2.5/1000 live births) births; the increased odds of CP remained significant after adjustment for year of birth, maternal age, and parity (adjusted OR 2.6 [95% CI 1.6-4.0]) (Table II) . There was little evidence of correlation within sibships when the data were analysed using generalized estimating equations and our OR estimates remained largely unchanged (data not shown). We identified a single set of twins (naturally conceived; gestational age 37wks) in which both twins had CP. The prevalence of CP was compared in ART and naturally conceived singletons and twins. For singletons, prevalence of CP was doubled in ART (5.2/ 1000 live births) compared with naturally conceived births (2.3/1000 live births). At term, prevalence of CP in singletons was similar for ART and naturally conceived children. While prevalence was increased for all late preterm (32-36wks) infants compared with those born at term, additional increased risk for ART infants was solely seen in those born very preterm (<32wks) (ART CP 127.7/1000 live births; naturally conceived CP 51.9/1000 live births). The median gestational age in all singletons born very preterm after ART was lower (27wks, interquartile range 24-30) than those naturally conceived (29wks, interquartile range [26] [27] [28] [29] [30] . We explored whether additional risk for CP remained for very preterm singletons born after ART after accounting for possible differences in gestation age distribution between the ART and naturally conceived births. Additional analyses were performed in this less than 32-week strata, adjusting for gestational age (in weeks) as a continuous variable. This had little impact on our adjusted OR estimate, which changed from adjusted OR 2.7 (95% CI 1.0-6.9) to adjusted OR 2.4 (95% CI 0.9-6.3) suggesting that preterm birth may not account for all of the increased risk for CP in this strata.
The prevalence of CP in ART twins was 9.9 per 1000 live births, similar to 8.4 per 1000 in naturally conceived twins. When we restricted our comparison group to naturally conceived twins of unlike sex (3.8/1000 live births), the odds of CP increased in the ART group but did not reach statistical significance (Table II) . The sample size at very preterm gestations (<32wks) was very small, reflected in the wide and overlapping CIs; however CP prevalence was again similar for ART (57.1/1000 live births) and all naturally conceived twins (57.9/1000 live births) but lower for unlike sex naturally conceived twins (26.5/1000 live births).
Type of ART appeared to affect the odds of CP, with increased risk of CP in IVF compared with intracytoplasmic sperm injection conceived infants (OR 2.9 [95% CI 0.9-9.9]). Fresh embryo transfer did not affect risk of CP compared with frozen (OR 1.3 [95% CI 0.5-3.2]). All cases of CP in the ART group occurred in children born after the transfer of more than one embryo, standard clinical practice during the study period.
Given the small number of CP cases, clinical outcomes were described for the ART and naturally conceived children with CP without stratification (Table III) . The age at description of CP was similar between the ART and naturally conceived groups; however those born after ART were more likely to have an older, primiparous mother. When comparing clinical outcomes, the motor type was not significantly different between the ART and naturally conceived CP groups (p=0.78). There was also no difference in gross motor severity or presence of intellectual, vision, hearing, or speech impairments. However, risk of epilepsy was significantly lower for those born after ART (OR 0.1 [95% CI 0.0-0.9]). Major congenital anomalies were described in five (23.8%) of the CP cases born after ART compared with 162 (31.5%) of the naturally conceived group, with some cases having multiple anomalies. In descending order of frequency, anomalies in the children with CP born after ART spanned gastrointestinal, cardiovascular, nervous, musculoskeletal, and urogenital systems.
DISCUSSION
This population study using high quality register data from Western Australia found that prevalence of CP was at least (9) 25 (5) 42 (5) 176 (7) Smoked during pregnancy 
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1748 (91) 194 604 (96) 420 (46) 881 (56) 2668 ( doubled after ART, a similar finding to Scandinavian studies from equivalent birth cohorts. 10, 11 CP is an umbrella term and a clinical description; both the aetiologies and clinical outcomes of children with CP are heterogeneous. Describing more homogeneous subgroups strengthens the capacity to identify aetiological pathways to CP. 21 Therefore in contrast to most previous research, we elected to include a well-defined exposure group (IVF and intracytoplasmic sperm injection only) and stratify our analyses by both plurality and gestational age, rather than adjusting for these well-known mediating factors. As expected, we found ART increased risk of preterm and multiple births, thereby increasing prevalence of CP for infants born after ART. However, stratification by these factors allowed us to identify an additional unexplained effect of ART in very preterm singletons.
While previous research is conflicting regarding risk of CP in ART singletons, 7,10,11 our study found that the prevalence of CP was doubled in this group. Hvidtjorn et al. identified that the increased risk of CP in their cohort of ART births was associated with the high proportion of multiple births and preterm births. 10 Adding to their work, we have examined CP risk in singletons separately stratified by gestational age (term, preterm, very preterm) and were able to show that a residual risk in ART singletons appears only in those born very preterm (<32wks gestational age). Although our sample size is small, we observed our very preterm ART singletons to have lower median gestational age than the very preterm naturally conceived group (27wks vs 29wks) which could in part account for this increased risk. 22 However further exploration, adjusting for gestational age within this stratum, found the increased risk of CP remained. The loss of a comultiple, estimated to occur in 10% of ART singletons, is another possible explanation for the increased risk. 23 Surviving infants are at greater risk of adverse outcomes including preterm birth, low birthweight, intrauterine growth restriction, congenital anomalies, and mortality. 4, 23, 24 One study reported that the proportion of singletons and twins born before 32 weeks' gestation who developed CP was higher in those with a 'vanishing embryo' (number of embryos transferred was greater than the number of infants born) than those without. 25 Although we had information on the number of embryos transferred for the ART births in our study, the majority of ART-conceived children (94%) were born after the transfer of more than one embryo, limiting the usefulness of this data item. As the use of single embryo transfer increases, any impact of vanishing comultiples may diminish; indeed a more recent study reported no cases of CP in singletons born after single embryo transfer. 10 We also did not observe any cases of CP in the very small number (n=179) of singletons born after the transfer of a single embryo.
Relative to singletons, the increased prevalence of CP observed in the ART and naturally conceived twin groups was expected, given the known strong association between multiple births and CP. With the restricted comparison group of unlike sex naturally conceived twins, the risk of CP overall and in the very preterm showed a similar pattern to that seen in singletons, but did not reach statistical significance.
In our cohort, clinical outcomes were very similar in the children with CP regardless of type of conception. We might have expected a higher proportion of CP phenotypes classically associated with preterm birth, such as spastic diplegia 1 and lower rates of associated impairments; 26 however our small number of cases may have limited our ability to identify any influence of ART. A significantly lower risk of epilepsy was seen, replicating findings from a Danish IVF cohort. 10 Although based on small numbers, this finding is plausible given that epilepsy is more common in children with CP born at or near term, 27 and the majority (81%) of our ART-CP cases were born preterm. Despite a known increased risk of congenital anomalies after ART, 17 we observed no difference in the presence of congenital anomalies between our ART and naturally conceived CP cohorts. However the association with congenital anomalies is lowest in CP for multiple births and very preterm births, 28 which accounted for most of our CP cohort born after ART.
Strengths of this study included the extensive follow-up of children (at least 5 years for CP data and at least 6 years for congenital anomalies) and multiple methods of ascertainment and data verification completed by the CP register. The Western Australian Cerebral Palsy Register (now the Western Australian Register of Developmental Anomalies) is one of the longest standing CP registers worldwide, with high quality data from 1956 onward. The inaccuracy of hospital discharge registers 7 and insufficient length of followup 9 may have underestimated the prevalence of CP in previous studies. Furthermore, Western Australia is the only Australian State with a statutory register of all ART treatment facilitating linkage with other population data sets and monitoring of child health outcomes. Despite representing a full population of a geographical region of Australia over 9 birth years, this study was limited by the small number of cases with CP born after ART. The study would also benefit from more information about the ART cohort, for example the number of fetal hearts on early ultrasound and underlying causes of subfertility. Hvidtjorn et al. examined CP risk in couples using ART with a single documented cause of subfertility and found no association between underlying cause of subfertility and risk of CP. 10, 12 Finally, the study was limited by our inability to identify births conceived using ovulation induction outside the ART clinic setting. Infants born after ovulation induction would have been included in the naturally conceived group. Given that ovulation induction is also associated with increased risk of CP, 10 we may have underestimated the true effect of IVF/intracytoplasmic sperm injection on risk of CP.
The prevention of an aetiologically heterogeneous condition like CP first requires identification of individual causal pathways. Pathways to CP involving ART, particularly via multiple births and preterm birth, have some potential for amelioration. As ART clinical practice changes rapidly, the association with CP is also likely to change over time.
In particular, 83% of Australian ART cycles now use single embryo transfer, lowering the proportion of ART multiples, although the concurrent rise in use of ART has so far limited any change in the absolute number of ART twins. 4, 29 Reductions in preterm birth after ART 4 and improved perinatal management of infants born preterm may also affect the association between ART and CP. We plan to track birth prevalence over time in Western Australia to examine the impact of these clinical practice changes on CP. Results from this study, with its high proportion of multiple embryo transfer and multiple births, remain clinically relevant for the many regions worldwide where single embryo transfer is not common practice. 30, 31 
